Abstract Fifty earthquakes that occurred in Hungary (central part of the Pannonian basin) with local magnitude M L ranging from 0.8 to 4.5 have been analyzed. The digital seismograms used in this study were recorded by six permanent broadband stations and 20 short-period ones at hypocentral distances between 10 and 327 km. The displacement spectra for P-and SHwaves were analyzed according to Brune's source model. Observed spectra were corrected for pathdependent attenuation effects using an independent regional estimate of the quality factor Q S . To correct spectra for near-surface attenuation, the κ parameter was calculated, obtaining it from waveforms recorded at short epicentral distances. The values of the κ parameter vary between 0.01 and 0.06 s with a mean of 0.03 s for P-waves and between 0.01 and 0.09 s with a mean of 0.04 s for SH-waves. After correction for attenuation effects, spectral parameters (corner frequency and low-frequency spectral level) were estimated by a From the results, a linear relationship between local and moment magnitudes has been established. The obtained scaling relations show slight evidence of self-similarity violation. However, due to the high scatter of our data, the existence of self-similarity cannot be excluded.
Introduction
The Pannonian depression is a sedimentary backarc basin in central Europe and is an integral part of the Alpine-Carpathian orogenic mountain belts. Geophysical features such as an updoming of the mantle, a thinned lower crust, and a strong geothermal anomaly are all characteristic to the basin. The crust is rather thick in the mountain ranges around the Pannonian basin, whereas the basin itself is characterized by thin crust, ranging from 22.5 to 30 km, where the 30-km depth of isoline encircles the whole basin (Horváth 1993 ).
The lithosphere also has smaller thickness than the average. Several geophysical studies suggest that the lithosphere under the basin is thinner than 80 km (e.g., Babuska et al. 1987; Posgay et al. 1995) .
The recent tectonic activity of the region is basically determined by the counterclockwise rotation of the Adriatic microplate relative to Europe. The present-day kinematics of the Pannonian basin shows that the area is pushed from the southsouthwest. As a result, strike-slip to compressive faulting is observed well inside the Pannonian basin. The nearly complete absence of normal faulting in the area suggests that in the Pannonian basin, structural inversion is in progress, causing an increase of the intraplate compressional stress Gerner et al. 1999) .
In the central part of the Pannonian basin (mainly occupied by Hungary), seismic activity can be characterized as moderate. The seismicity pattern in Hungary shows that earthquakes are restricted to the upper part of the crust, and the control by pre-existing fault zones is strongly masked by the random hypocentral distribution due to the general weakness of the lithosphere. However, there are certain areas where the likelihood of earthquake occurrence is higher and where significant, destructive earthquakes occurred in the last centuries. The most notable events are the M6.2 Komárom (1763, I max = 8 − 9), the M5.4 Mór (1810, I max = 8), the M5.6 Kecskemét (1911, I max = 8), the M5.3 Eger (1925, I max = 7 − 8), or the M5.6 Dunaharaszti (1956, I max = 8) earthquake. The epicenter of the latter event was in the close vicinity of Budapest, the capital of Hungary. Statistical studies show that four to five 2.5-3.5 magnitude earthquakes can be expected every year in the country, which can be felt near the epicenter but cause no damage. Earthquakes causing light damages occur every 15-20 years, whereas stronger, more damaging (M = 5.5 − 6) quakes happen about every 40-50 years.
Knowledge of the source mechanisms and source parameters of local earthquakes helps us to better understand recent tectonic processes in the Pannonian basin. One possible method for estimating earthquake source parameters is the spectral analysis of observed waveforms. Indeed, the resolution of source parameters, such as seismic moment (M 0 ), corner frequency ( f c ), and source radius (r), is of fundamental interest in the derivation of earthquake scaling relationships with decreasing magnitude and the determination of the stress drops ( σ ) of local earthquakes. The scaling laws are important to define the relationships between earthquake size (seismic moment or magnitude), fault dimensions, and stress drop for a specified seismic area. For example, when reliable estimates of the stress release are obtained over several orders of magnitude of seismic moment for a given area, the scaling laws can be used for seismic hazard predictions: records of small events can be used to predict the ground motion of moderate-to-large earthquakes in the same region (e.g., Kamae et al. 1998) . Moreover, stress drop also plays a fundamental role in simulating strong ground motion using stochastic methods (e.g., Boore 2003) .
Spectral analysis for the estimation of earthquake source parameters has been widely used by many authors following Brune's (Brune 1970) source model (e.g., Chouet et al. 1978; Fletcher 1980; Zobin and Havskov 1995; Allen et al. 2004; Oye et al. 2005; Franceschina et al. 2006; Tusa and Gresta 2008) . However, there were only a few investigations so far that studied spectral source parameters for Hungarian earthquakes. Badawy (2000) analyzed the earthquake sequence that occurred in 1996 in the Füzesgyarmat region, Hungary. The local magnitudes of these seven events were between 2.1 and 3.2. Another study of Badawy et al. (2001) presents the source parameters of 12 felt earthquakes in the period between 1995 and 1997. Nine of these events had an epicenter within Hungary with local magnitudes ranging from 2.4 to 3.7. Recently, Süle (2010) studied the P-wave displacement spectra of 18 earthquakes that occurred in two seismically active regions in Hungary. The local magnitude of the selected events varies between 1.2 and 3.7. This magnitude range is notably wider than those studied by Badawy (2000) and Badawy et al. (2001) , and the author also derived some scaling laws (M 0 versus r and M 0 versus σ ) and established a linear relationship between local and moment magnitudes. Unfortunately, in spite of the above efforts, the number, areal distribution, and magnitude range of the earthquakes investigated up to now are still not sufficient to draw reliable conclusions on scaling relationships and stress drops for the Hungarian part of the Pannonian basin.
The data set used in this study covers a relatively large range of magnitude (0.8 ≤ M L ≤ 4.5) and allows us to obtain an estimate of source parameters from waveforms of small-to-moderate events by applying different methodology with respect to those used in the studies previously mentioned. For this purpose, in this article we invert the spectra of P-and SH-wave seismograms for corner frequency and low-frequency spectral level using the standard Brune's model (Brune 1970) , after correction for path-dependent and near-surface attenuation, applying a grid search algorithm to find the unknown model parameters. Then we compute seismic moment, source dimension, and static stress drop of the selected 50 events for determining scaling laws and establishing a linear relationship between local and moment magnitudes.
Data
The digital data used in this study were recorded by six permanent broadband stations (Hungarian National Seismological Network, HNSN) and 20 short-period ones (Paks Microseismic Monitoring Network, PMMN) (Fig. 1) . Most of the PMMN stations were operated for only a limited period of time and do not work nowadays. The broadband stations are equipped with three-component Streckeisen STS-2 seismometers with natural period of 120 s, whereas the short-period stations use three-component Lennartz LE-3D geophones with natural frequency of 1 Hz. The data were recorded with various sampling rates between 62.5 and 125 Hz. The instrumental response of the recording equipments is almost flat to ground velocity between the natural frequency of the seismometer used (0.0083 or 1 Hz) and about 25-50 Hz. The upper limit is imposed by the cutoff frequency of the anti-alias low-pass filter.
The stations are located on different geological formations: some of them are located on sand or loess, others on gneiss, andesite, dolomite, or granite. Therefore, site effects can significantly vary from station to station.
Our data set consists of 50 earthquakes with local Richter magnitude M L ranging from 0.8 to 4.5 and with epicenters from all over the territory of Hungary ( Fig. 1 and Table 1 ). The events were selected on the basis of good signal-to-noise ratio and accurate hypocentral location (RMS error of location less than 2 km). The hypocentral distances of the recording stations vary between 10 and 327 km, whereas the focal depth falls in the range of 1-21 km. The local magnitudes were estimated according to the formula given by Bakun and Joyner (1984) :
( 1) where D is the epicentral distance in kilometers and A is the largest S-wave amplitude measured in nanometers on a ground displacement seismogram that has been filtered with the response of a Wood-Anderson seismograph.
Spectral analysis

Method
For the source parameter analysis, we used the P g arrivals of the vertical component seismograms and the S g arrivals of the transverse component waveforms. First, the waveform to be analyzed was baseline-corrected by removing the mean. Then a time window was selected for the desired (P or SH) phase, starting shortly before the arrival time. The time window was tapered with a Hann window at both ends of the time series. Signal windows of varying lengths were tested in order to select a length that would avoid contamination from other (mainly converted) phases and maintain the resolution and stability of the spectra. Then the velocity spectrum was calculated using the fast Fourier transform (FFT). The spectrum was subsequently corrected for instrumental response and converted to the displacement spectrum. In order to obtain a spectral estimate of the noise, we analyzed a suitably chosen time window of the seismogram prior to the P-wave arrival. The length of this noise window was equal to that of the corresponding signal window. For source parameter estimation, we used the frequency band where the signal-to-noise spectral ratio was greater than 5.
After instrumental correction, the observed displacement amplitude spectrum U( f, R) at a hypocentral distance R can be described as
where f is the frequency, t the travel time, G(R) the attenuation due to geometrical spreading, A( f, t) the anelastic attenuation, and S( f ) the amplitude source spectrum. In order to estimate the source spectrum S( f ), the observed spectrum U( f, R) must be corrected for geometrical spreading and attenuation. In this study, for calculating geometrical spreading, we use the formulation suggested by Havskov and Ottemöller (2010) . For P-waves, G(R) = 1/R is assumed. For S-waves, G(R) depends on epicentral distance. For shorter distances (R ≤ R 0 ), S-waves can be treated as body waves and G(R) = 1/R is again a reasonable assumption. For larger distances (R > R 0 ), however, S-waves are dominated by surface waves and geometrical spreading is approximated by G(R) = 1/ √ RR 0 . The value of R 0 is regional-dependent. In this work, we have chosen R 0 = 100 km.
Anelastic attenuation can be divided into two parts (Singh et al. 1982) :
where the first term describes the path-dependent attenuation, with Q( f ) being the frequencydependent quality factor. The second term is the near-surface attenuation characterized by the κ parameter. Kiszely (2000) calculated coda-Q values, Q c , for five frequencies (3, 6, 10, 16, and 24 Hz) using the waveforms of 19 local earthquakes that occurred in Hungary. Assuming that Q c is a good approximation of Q S , we estimated Q S ( f ) by fitting a theoretical curve on the five derived f − Q c points. Finally, we obtained the relation Q S ( f ) = 77 f 0.92 . Unfortunately, there are no available Q P ( f ) values for the territory of Hungary. However, from several hundred earthquakes occurred within the San Andreas fault system, Abercrombie and Leary (1993) obtained Q P ≈ 2Q S near the surface. Similar result was found by Anderson et al. (1965) in a study of Q in the upper mantle where Q P = 2.25Q S . The same theoretical relation was published by Aki and Richards (1980) for an attenuating medium where all losses are confined to shear and none to pure compression. Adopting the above results, in this paper we assume the relation Q P ( f ) = 154 f 0.92 for the frequency-dependent P-wave quality factor.
In the rest of this paper, we are going to estimate the near-surface attenuation using the method by Havskov and Ottemöller (2010) and then correct the observed displacement spectrum for geometrical spreading and anelastic attenuation (Eq. 3). Subsequently, using the standard Brune's source model (Brune 1970) , the resulting spectrum will be fitted by a theoretical curve with two unknown parameters: the low-frequency spectral level A 0 and the corner frequency f c .
Near-surface attenuation
Before any further processing, the displacement spectra must be corrected for geometrical spreading and attenuation as described above. The attenuation has two effects: it changes the shape of the spectrum which affects the determination of the corner frequency, and it also changes the lowfrequency spectral level which affects the seismic moment estimation. Correcting for attenuation is particularly important for small earthquakes due to their significant high-frequency content.
Near-surface attenuation can be estimated from seismic waveforms recorded at short hypocentral distances, where the path-dependent attenuation in Eq. 3 is not significant (Havskov et al. 2003; Havskov and Ottemöller 2010) . For frequencies below the corner frequency, κ can be determined from the slope of the displacement spectrum plotted in a semi-logarithmic diagram, as illustrated in Fig. 2 .
For estimating near-surface effects, we selected all the available event-station pairs from our data set for which epicentral distance is less than 25 km, and the event size is small enough to have a corner frequency as high as possible. This latter criteria is necessary for performing reliable line fitting in the usable frequency range. After analyzing 33 seismograms of eight stations, we obtained κ values between 0.01 and 0.06 s with a mean of 0.03 ± 0.017 s for P-waves and between 0.01 and 0.09 s with a mean of 0.04 ± 0.024 s for S-waves. Within the bounds of variation, the κ-value does not show a statistically significant scatter from one station to another. For this reason, we decided to In Fig. 3 , we illustrate the effect of attenuation correction on three ground displacement spectra together with the theoretical Brune's model. Because the exponent of the frequency f in Q( f ) used in this study is close to unity (0.92), the path-dependent attenuation (first term in Eq. 3) depends only slightly on frequency. In our case, therefore, the Q-correction practically does not change the shape of the spectra, that is, it affects only the low-frequency spectral level and has negligible effect on the corner frequency f c . On the other hand, near-surface attenuation (second term in Eq. 3) can seriously affect the shape of the spectra: for small earthquakes with significant high-frequency content, the near-surface attenuation dominates the high-frequency spectral decay and the real corner frequency cannot be seen. Therefore, for small earthquakes, it is not possible to obtain the true corner frequency without correction for near-surface attenuation.
As can be seen in Fig. 3 , the effect of attenuation correction on the displacement amplitude spectrum of an M L = 3.7 event (event 19 in Table 1 ) is quite moderate. However, for a smaller event (event 22, M L = 2.4), the attenuation correction has changed the shape of the spectrum notably causing an increase in the corner frequency. For an even smaller earthquake (event 13, M L = 1.2), the attenuation correction has flattened the spectrum making the estimation of the corner frequency impossible at the given sampling rate.
Spectral parameters
After correcting for geometrical spreading and anelastic attenuation, the displacement amplitude spectrum U c ( f ) can be written as
where the term on the right-hand side is the amplitude source spectrum with low-frequency spectral level A 0 and corner frequency f c (Brune 1970; Hanks and Wyss 1972) . In Eq. 4, there are two unknown parameters to be determined: the low-frequency spectral level A 0 and the corner frequency f c . In order to avoid problems associated with the visual determination of these parameters and to minimize the difference between the theoretical and observed displacement spectra, we applied a grid search algorithm. The misfit function to be minimized by the inversion procedure was the L 1 norm of the difference between the observed and predicted spectral values within a suitably chosen frequency range, where the signal-to-noise spectral ratio was greater than 5. We chose the L 1 norm minimization technique because it is much more robust than the least-squares method. The global minimum of the misfit function defines the optimum solution for the unknown parameters. As an example, Fig. 4 shows the results of the above described inversion procedure for nine selected ground displacement spectra that are considered characteristic of our data set.
Source parameters
Considering P-and S-wave data separately, after estimating the spectral parameters, we first calculated the scalar seismic moment [M 0 (P) and M 0 (S)] for each event-station pair according to Brune's source model (Brune 1970; Hanks and Wyss 1972) :
where ρ is the density, v the velocity of the considered phase (P or S), A 0 the low-frequency spectral level, F the free surface correction, and (θ, ϕ) the radiation pattern coefficient. Since for most of the analyzed earthquakes the focal mechanism could not be determined, we used the RMS average values P (θ, ϕ) = 0.52 and S (θ, ϕ) = 0.63 in our calculations (Boore and Boatwright 1984) . The free surface correction for P-waves depends on the incident angle. However, due to the lowvelocity layers near the surface, the incidence is not far from vertical, so F = 2 seems to be a good approximation. For SH-waves, F is always 2. Then, for each event, the average values and the multiplicative error factors for the seismic moment and corner frequency were computed. Calculations were made using P-and S-wave data separately, following the equations proposed by Archuleta et al. (1982) :
where x stands for M 0 (P, S) or f c (P, S), x denotes the mean of x, N is the number of the stations used, StDev [.] is the standard deviation of the argument, and Ex is the multiplicative error factor for x. Finally, we calculated the average source radius r and average stress drop σ using the expressions (Brune 1970; Trifunac 1972; Spottiswoode and McGarr 1975) :
where the constant C is 1.97 for P-waves and 2.34 for S-waves. We also computed the moment magnitude M w from the average seismic moment M 0 [computed as the logarithmic mean of the M 0 (P) and M 0 (S) values] according to the definition of Hanks and Kanamori (1979) :
where M 0 is measured in Newton meters. All of the average source parameters and the multiplicative error factors, along with the moment magnitudes, are listed in Table 2 . Our results show that the corner frequency generally decreases with increasing seismic moment. As can be seen in Fig. 5 , the f c (P) and f c (S) values are in the range 1.6-11.2 and 0.9-9.6 Hz, respectively, and f c (P) is basically larger than f c (S), with an average ratio of 1.48 ± 0.55 (correlation coefficient of 0.7). Similar f c (P)/ f c (S) ratio was obtained by other authors (Fletcher 1980; Boatwright et al. 1991; Radulian and Popa 1996; García-García et al. 2004; Prieto et al. 2004; Tusa and Gresta 2008, and others) . The average multiplicative error factor is 1.5 for both f c (P) and f c (S). For seven low-magnitude events, the Table 2 Moment magnitude (M w ), scalar moment (M 0 ), corner frequency ( f c ), source radius (r), and stress drop ( σ ) of the studied earthquakes with the multiplicative error factor for M 0 (EM 0 ) and f c (Ef c )
( Results are given for P-and S-wave data separately. estimation of f c was unsuccessful due to the high corner frequency and the insufficient sampling rate. The obtained seismic moments vary from 2.71× 10 11 to 1.52 × 10 15 Nm for P-waves, and from 2.90× 10 11 to 3.83 × 10 15 Nm for S-waves. Figure 6 presents the relationship between M 0 (P) and M 0 (S). The logarithmic mean of the M 0 (P)/M 0 (S) ratio is 0.93 ± 0.07 with a correlation coefficient of 0.95. Generally, M 0 (S) is slightly larger than M 0 (P) that may be attributed to a somewhat overestimated Q P quality factor.
The source radii are between 125 and 1,343 m with an average r(P)/r(S) ratio of 1.04 ± 0.40 with a correlation coefficient of 0.8 (Fig. 7) . The agreement between source radii from P-and Swaves provides enough confidence that Eq. 9, and particularly the constant C in that equation, for evaluating the source dimension was correctly applied (Spottiswoode and McGarr 1975) .
The static stress drop spans from 0.14 to 32.4 bars with a logarithmic mean of 2.59 bars (1 bar = 10 5 Pa). Indeed, about 80 % of the computed stress drop values are less than 10 bars, significantly smaller than the value of 100 bars suggested by Kanamori and Anderson (1975) for intraplate earthquakes. This observation may 
Scaling relationships
The generally accepted theory of self-similarity predicts a constant stress drop σ for earthquakes of different size in the same tectonic environment. If the stress drop is constant, it follows that r ∝ M 1/3 0 from Eq. 10. Indeed, a good number of papers have reported self-similarity for small seismic events in different regions (e.g., Abercrombie 1995; Bindi et al, 2001; Stork and Ito 2004; Franceschina et al. 2006; Tusa et al. 2006; Yamada et al. 2007; Kwiatek et al. 2011 ). However, several authors have observed that for weak events, stress drop decreases with decreasing moment, indicating a breakdown in constant stress drop scaling (e.g., Dysart et al. 1988; Zobin and Havskov 1995; García-García et al. 2004; Tusa and Gresta 2008; Drouet et al. 2010) .
Regarding our data set, the relation between M 0 and static stress drop σ is shown in Fig. 8 for both P-and S-waves. The highly scattered data points show only very little correlation. Indeed, the correlation coefficients between M 0 and σ are very low: only 0.37 for P-waves and 0.5 for Swaves. However, a slight trend of decreasing stress drop with decreasing seismic moment is visible for both wave types, particularly for S-waves.
In Fig. 9 , source radius r is plotted against M 0 and lines of constant stress drop are also indicated. The observed trend is a general increase of the fault radius with increasing seismic moment. The relations obtained for r versus M 0 are as follows: with correlation coefficients of 0.73 and 0.72, respectively. The slope of the regression line is clearly smaller than the theoretical value of 1/3. As a consequence, a breakdown in self-similarity appears to be present over the magnitude range considered in this study.
Figures 8 and 9 and also Eqs. 12 and 13 suggest that our data are close to the limit where selfsimilarity violation begins. However, due to the high scatter of our data, constant stress drop scaling with σ = 2.59 bars cannot be unanimously excluded. The estimated stress drop values are mostly confined in the range of 0.1-10 bars. It should also be noted that the strongest events of our data set do not show particularly high stress drops. For events 40, 41, and 50 with local magnitudes above 4, σ (P) [ σ (S) According to the definition of Hanks and Kanamori (1979) , moment magnitude M w can be derived from seismic moment M 0 (Eq. 11). The moment magnitude scale does not saturate, and recently, it has become increasingly important in seismic hazard calculations. For example, groundmotion prediction equations for peak ground ac- For this reason, it is usual to find empirical formulae relating M w to the magnitude scales used locally in seismological practice. Figure 10 shows the relationship between the moment magnitudes determined in this study (Table 2 ) and the local magnitude scale used in Hungary. The leastsquares fit to the data yields
with a rather high correlation coefficient of 0.96 and with a slope that is very close to the expected theoretical value of 2/3 (Havskov and Ottemöller 2010) . The obtained regression line is in good agreement with that suggested by Süle (2010) .
Conclusions
In this study, we determined the spectral source parameters of 50 local earthquakes that occurred in Hungary with local magnitude ranging from 0.8 to 4.5. The scaling relations between these parameters were also investigated. In order to correct for near-surface attenuation, we estimated the κ parameter from seismic waveforms recorded at short hypocentral distances using the slope of the displacement spectrum below the corner frequency. The obtained κ values vary between 0.01 and 0.06 s with a mean of 0.03 ± 0.017 s for P-waves and between 0.01 and 0.09 s with a mean of 0.04 ± 0.024 s for S-waves. Within the bounds of variation, the κ-value does not show any statistically significant dependence on station location.
After correcting the displacement amplitude spectra for attenuation effects, the obtained source spectra show a good agreement with Brune's model, thus allowing reliable estimation of the spectral parameters. We applied a grid search algorithm to find out the optimum values of the low-frequency spectral level A 0 and the corner frequency f c . The determined corner frequencies range from 0.9 to 11.7 Hz with an average f c (P)/ f c (S) ratio of 1.48. Using Brune's source model and the obtained spectral parameters, we calculated the source parameters of the investigated earthquakes. The resulting values of seismic moment M 0 and source radius r are limited to the ranges 2.71 × 10 11 to 3.83 × 10 15 Nm and 125-1,343 m, respectively. The average M 0 (P) to M 0 (S) ratio is 0.93, whereas the source sizes estimated from P-waves are in good agreement with those estimated from S-waves.
The values of stress drop σ vary between 0.14 and 32.4 bars with an average of 2.59 bars. The obtained scaling relations show slight evidence of self-similarity violation over the magnitude range considered in this study. It should be noted, however, that due to the high scatter of our data, the existence of self-similarity cannot be excluded. The fairly low average value of the stress drop may be attributed to the general weakness of the lithosphere beneath the central part of the Pannonian basin.
Finally, we have established a well-constrained linear relationship between local magnitude M L and moment magnitude M w .
